The most plausible origin of HIV-1 group M is an SIV lineage currently represented by SIVcpz isolated from the chimpanzee subspecies P.t.troglodytes. The origin of HIV-1 group O is less clear. Putative recombination between any of the HIV-1 and SIVcpz sequences was tested using boot-and Bayesian-scanning plots, as well as a new method to infer parental sequences and crossing over points using a Bayesian multiple change-point (BMCP) model. We found that in the case of highly 
Introduction
Human immunodeficiency viruses types 1 and 2 (HIV-1 and HIV-2) have been characterized as the causative agents of AIDS and their most plausible origins are ancestral simian viruses, currently known as SIVcpz for HIV-1 and SIVsm for HIV-2 infecting chimpanzees and sooty mangabeys, respectively (Gao et al. 1999; Hahn et al. 2000; Corbet et al. 2000; Sharp et al. 2000; Sharp et al. 2001) . HIV-1 sequences isolated worldwide have been divided in three main groups: major group M, group O, and group N . Group M viruses have been responsible for most of the AIDS cases worldwide, whereas HIV-1 group O, group N and HIV-2 are mainly confined to Western Africa (Chen et al. 1996) . Until now, more than twenty different African primate species have been found to be infected with simian immunodeficiency viruses (SIV) Beer et al. 2001; Santiago et al. 2002; Peeters et al. 2002) .
Phylogenetic analysis of all the different HIV-1 groups indicated that they are genetically more closely related to the SIVcpz sequences isolated from the chimpanzee Pan troglodytes troglodytes than to any other simian viruses (Gao et al. 1999; Hahn et al. 2000; Sharp et al. 2000; Sharp et al. 2001) . There are four different sub-species of chimpanzees residing in the geographic area of Africa: P.t.verus and
P.t.vellerosus in Western Africa, P.t.troglodytes and P.t.schweinfurthii in Western and
Eastern-Equatorial Africa, respectively (Gao et al. 1999; Corbet et al. 2000; . Until now, there is no evidence for SIV infection of P.t.verus (Prince et al. 2002) , whereas the only infected chimpanzee identified among P.t.vellerosus was a single animal (Cam4) kept together with a P.t.troglodytes infected with SIVcpz (Cam3) (Corbet et al. 2000) . The SIVcpzCam3 chimpanzee was recovered from 4 Cameroon (Corbet et al. 2000) . Until now, five additional SIVcpz strains from P.t.troglodytes have been characterized from chimpanzees: one isolated from Cameroon (Cam5), one from an animal kept in USA (US) (Gao et al. 1999; Corbet et al. 2000) , two from Gabon (Gab1, Gab2) (Peeters et al. 1989) , and two more genetically divergent SIV strains (ANT, TAN1) isolated from the sub-species P.t. schweinfurthii in the DRC and Tanzania, respectively (Peeters et al. 1992; Santiago et al. 2003) . The prevalence of SIVcpz antibodies in wild-caught animals, as indicated recently by analyzing fifty-eight chimpanzees from Cote d'Ivoire, Uganda and Tanzania (Santiago et al. 2002) , was found to be as low as 2%, which is far less than in other primate species (Jin et al. 1994; Bibollet-Ruche F et al. 1996; Beer et al. 2000; Hahn et al. 2000; Peeters et al. 2002 ). The extremely low seroprevalence of SIVcpz in the chimps living in the wild could possibly be explained by a limited number of the animals sampled until now, or by a dramatic loss of the animals in their natural habitat in the recent decades (Weiss and Wrangham. 1999 ).
Groups M and N of HIV-1 are genetically more closely related to SIVcpz sequences from P.t.troglodytes, and it has been suggested that they represent two different cross-species transmissions from this chimpanzee subspecies (Gao et al. 1999; Hahn et al. 2000; Sharp et al. 2001) . Moreover, group N consists of genomic regions with discordant phylogenetic relationships with respect to group M and SIVcpz, which was highly suggestive for recombination (Simon et al. 1998; Gao et al. 1999 ). On the other hand, the origin of group O, as well as the evolutionary relationships between the different SIVcpz and HIV-1 lineages throughout their complete genome, remains unclear. More specifically, based on phylogenetic analysis of full-length or partial genomic regions, group O was found to be an outgroup to HIV-1 and SIVcpz sequences from P.t.troglodytes (Gao et al. 1999; Corbet et al. 5 2000; Kuiken et al. 2001) and SIVcpzGab1 was found to cluster with the group of the SIVcpz sequences isolated from Cameroon (Corbet et al. 2000) .
In the present study, we performed an in-depth analysis of the evolutionary relationships between HIV-1 groups M, O and SIVcpz sequences isolated from P.t.troglodytes and P.t.schweinfurthii. Putative recombination between any of the HIV-1 and SIVcpz sequences was tested using boot-and Bayesian-scanning plots, as well as a new method to infer parental sequences and crossing over points using a Bayesian multiple change-point (BMCP) model.
Materials and Methods
Alignment of viral DNA sequences. All available full-length sequences of SIVcpz (Cam3, Cam5, US, Gab1, TAN1 and ANT), several representative sequences of group O (ANT70, MVP5180), group N (YBF30), and group M (subtype A: U455, subtype B: WEAU160, subtype C: C2220 subtype D: 84ZR085) were downloaded from the Los Alamos HIV database (http//hiv-web.lanl.gov). DNA sequence alignment was performed using CLUSTAL W version 1.74 (Thompson, Higgins, and Gibson 1994) .
The HIV-1/SIV sequence alignment was constructed by excluding all multiple coding regions, the LTR and gaps from the alignment.
Investigation for discordant phylogenetic relationships by bootscanning analysis.
An exploratory analysis for the presence of any recombination events between all the different HIV/SIVcpz sequences was performed by bootscanning plots, using a sliding window of 500 nts moving in steps of 50 nts and maximum likelihood estimated distances (F84 model with transitions/transversions=2, default value) (Felsenstein 1984) as implemented in Simplot (3.2 beta version) (http://sray.med.som.jhmi.edu/Raysoft/Simplot). The F84 model was used since it is the most complex model available in the current version of Simplot. The default value for ti/tv (transitions/transversion rate ratio) provided a good approximation to the value estimated by maximum likelihood (ti/tv=2.14) using PAUP*4.0b10 (Swofford 1998) . Bootscanning plots were then created for each monophyletic cluster separately, against all other HIV-1/SIVcpz sequences.
Bayesian scanning analysis. Bayesian scanning was performed including eight representative sequences within the five HIV-1/SIVcpz lineages: 1) SIVcpzGab1, 2) SIVcpzCam3/Cam5, 3) SIVcpzANT/TAN1, 4) ANT70 (HIV-1 group O), and 5) 7 U455/WEAU160 (HIV-1 group M), using the GTR+ model and run with a sliding window of 500 nts moving in steps of 50 nts. The programme used for the Bayesian scanning was MrBayes (v 3.0) (Huelsenbeck et al. 2001) . For every single window, four Markov chains were run for 10 5 generations with a burnin of 6x10 3 generations.
The MCMC chain length for the Bayesian scanning was set to 10 5 generations since we found no differences between MCMC pre-run estimates in several separate regions using 10 5 and 10 6 generations, suggesting that 10 5 steps provided a "realistic" length for a full-length genomic scan using Bayesian inference. Moreover, Bayesian Bayesian multiple change-point (BMCP) model analysis. The Bayesian multiple change-point model was initially developed to infer spatial phylogenetic variation (SPV) in DNA sequences from organisms that may have undergone recombination (Suchard et al. 2002; Suchard et al. 2003) . generations, assuming a value of 10 as was previously described (Suchard et al. 2003) . To assess convergence, we run five independent BMCP chains on a single dataset including either SIVcpzANT or SIVcpzTAN1 (10 runs), and then two BMCP chains for each of the datasets including distinct sequences from each HIV-1/SIVcpz lineage (12 runs), thus 22 runs in total. Posterior probabilities of the five partitions listed above, and the marginal posterior estimates of the evolutionary parameters were plotted throughout the complete genome. All BMCP analyses were run using the same alignment as was used for the boot and Bayesian scanning as well for the conditionally independent phylogenetic analyses to be described.
Conditionally independent phylogenetic analysis. In genomic regions with high evidence for discordant evolutionary relationships between the HIV-1/SIVcpz sequences based on the Bayesian approaches, separate phylogenetic analyses were done for the putative non-recombinant fragments. The borders of these fragments were based on the previous Bayesian analyses. The best-fitting nucleotide substitution model was chosen according to the likelihood ratio test (Goldman 1993 , Felsenstein 1981 among 64 different models using Modeltest (Posada and Crandall 1998) and PAUP*4.0b10 (Swofford 1998) . Conditionally independent phylogenetic analysis was accomplished using a maximum likelihood (ML) approach with the best-fitting evolutionary model as implemented in PAUP*. More specifically, all model parameters were initially estimated on a neighbor-joining tree, and tree topologies were subsequently evaluated using a heuristic search approach that implemented both tree bisection-reconnection and nearest-neighbor interchange perturbations.
Bootstrapping was performed on the neighbor joining trees (1000 replicates) to assess the reliability of the obtained topologies. Phylogenetic trees were also obtained using were used for the reconstruction of the consensus tree. All MCMC analyses were repeated in five separate runs (using three heating chains and one cold chain) for both nucleotide and amino acid alignments. To assess for any significant differences between candidate topologies in different pieces of the alignment, we used the Approximately Unbiased (AU)-test (Shimodaira 2000) as implemented in CONSEL (Shimodaira and Hasegawa 2001) . For each region, site-wise log-likelihoods were estimated for the candidate trees using PAUP* with the best-fitted evolutionary model.
Test for substitution saturation.
To test for substitution saturation, we plotted the observed number of substitutions (transitions and transversions) for the 1 st plus 2 nd codon positions and for all positions, against the evolutionary distances corrected for multiple substitutions and estimated by maximum-likelihood.
Results
Exploratory analysis. An exploratory bootscan analysis throughout the complete alignment of the HIV-1/SIVcpz sequences gave indications for discordant phylogenies and, thus, for a putative recombinant origin of the HIV-1/SIVcpz strains.
To check whether there were any consistent clusters of different HIV-1 subtypes, groups or SIVcpz lineages, we examined first which sequences remained monophyletic across the entire alignment. According to the bootscanning plots, all sequences belonging to HIV-1 group M, to SIVcpzCamUS (SIVcpzCam3, SIVcpzCam5 and SIVcpzUS), to group O, as well as to the two SIVcpz sequences (ANT, TAN1) (SIVcpzANT/TAN) isolated from the chimpanzee subspecies P.t.schweinfurthii, each remained a monophyletic group throughout the complete alignment. Additionally, none of the strains belonging to these three clusters showed a closer relationship to any of the other sequences than the other strains of the same cluster (data not shown).
Bootscanning plots of each of these four monophyletic groups and of the SIVcpzGab1 sequence, thus five lineages in total, were performed against the other four lineages. HIV-1 group N was not included, since this group is already known to be recombinant consisting of HIV-1 group M, and SIVcpzUS -like regions in the 5'and 3' half of its genome, respectively (Gao et al. 1999; Hahn et al. 2000) . Such analysis revealed discordant phylogenetic clustering of almost all lineages when comparing different genomic regions ( Figure 1A -E).
Although bootscanning plots were highly suggestive about the boundaries of the putative recombinant pieces in several regions such as: 1-800, 800-1500, 2300-3200, and 3200-3600, there was no clear indication about the evolutionary relationships between the HIV-1/SIVcpz sequences in the rest of the genome (positions: 1500-3000, 3600-4900). Phylogenetic analysis in a multiple set of different parts within these genomic regions revealed discordant phylogenies, whereas the borders of each part could not be precisely identified. These difficulties suggest that the evolutionary relationships of highly divergent sequences such as the HIV-1/SIVcpz lineage could not be entirely explored using bootscanning analysis.
Bayesian-scanning and Bayesian multiple change-point (BMCP) model analysis
To explore in detail the evolutionary relationships and the boundaries of the genomic regions with discordant phylogenetic relationships between HIV-1/SIVcpz lineages, we performed two different kind of analyses: 1) a genomic scan of the HIV-1/SIVcpz phylogenetic relationships by Bayesian inference with the general time reversible (GTR) model including a -distribution of rates among sites, and 2) a Bayesian analysis using a multiple change-point model (BMCP) as described recently (Suchard et al. 2002a ) and modified for a dataset of five taxa.
The first approach resembles the bootscanning analysis; Bayesian inference analysis is performed in a sliding window of a specified length, and then the support Figure 2A , B).
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Conditionally independent phylogenetic analysis. Regarding the evolutionary relationships between the SIVcpzANT/TAN -group O and -SIVcpzGab1, we divided the alignment into ten different pieces as shown in Figure 2A , as suggested by the Bayesian scanning results and supported by bootscanning (Figure 1 ). Phylogenetic analyses using ML or Bayesian inference in both nucleotide and amino acid sequences further confirmed these findings ( Figure 3I -VIII). The analyses showed a similar topology for regions 1-500 (Ia) and 500-800 (Ib), and also a similar topology for the last two fragments (VIIIa and VIIIb) (data not shown), which were thus, joined into a pooled region I, and VIII, respectively. "Significant" clusters were defined as those supported by: 1) bootstrap values >75% using ML with the best-flitting evolutionary model, and 2) posterior probabilities consistently > 0.75 in all independent MCMC runs in both nucleotide and amino acid alignments (Figure 3 ). The clustering between SIVcpzCamUS and group M was found to be significant in regions II ( Figure 3II ) and 2901-3400, whereas the clustering between SIVcpzCamUS and SIVcpzGab was not significantly supported in region 5401-5937 14 (region VIIIb) (data not shown). Interestingly, SIVcpzCamUS, SIVcpzGab1 and group O clustered together in the first 800 nts of the alignment ( Figure 3I ).
To test for substitution saturation, we plotted the transition to transversion ratios for all the sites or for only the 1 st plus 2 nd codon positions versus the ML estimated evolutionary distances corrected for multiple substitutions for three fragments of the alignment belonging to partial gag, pol, and env regions, respectively (data not shown). According to the saturation plots, there was no evidence for substantial substitution saturation especially after the elimination of the 3 rd codon position, and thus phylogenetic inference that corresponds mainly to substitutions in the 1 st and 2 nd codon (analysis of amino acid changes), were found not to be substantially affected by substitution saturation bias.
Bayesian multiple change-point (BMCP) model analysis.
To further confirm the findings about the spatial phylogenetic variation, we performed a BMCP model analysis using representative sequences for the five distinct lineages. Since the number of strains that can currently be analyzed with BMCP is restricted, we run these analyses including only one sequence from each lineage at a time. We performed multiple analysis using different sequences from SIVcpzCamUS, group M and group O lineages together with SIVcpzGab1, and either SIVcpzANT, or SIVcpzTAN1, since there is considerable variability between these last two sequences. The results of all independent runs were almost identical within datasets including SIVcpzANT or within datasets including SIVcpzTAN1 sequences, thus prompting us to average the posterior probabilities for the SIVcpzANT-or SIVcpzTAN1-subset of sequences ( Figure 4A ). According to the BMCP analysis results, there was evidence for spatial phylogenetic variation throughout the HIV-1/SIVcpz genome ( Figure 4A ). Comparing the results of the BMCP analysis and the Bayesian scanning, there were some differences in the posterior probabilities of the different regions (Figure 2A, 4A ). More specifically, the differences were more pronounced in region II (800-1500), whereas there were some minor differences, also in region III (1500-2600) (Figure 2A, 4A) . Interestingly, in region II none of the SIVcpzGab1 or group O sequences clustered significantly with SIVcpzANT/TAN ( Figure 3II ). We should note here that BMCP and Bayesian scanning were run with five and eight sequences, respectively, and thus the analyzed partitions were not identical. Bayesian scanning based on the exact dataset used in BMCP analysis revealed almost identical results with the BMCP analysis (data not shown), thus suggesting that observed differences were due to the distinct datasets used in the analyses.
Interestingly, the BMCP profiles of group O-and SIVcpzGab1-with either SIVcpzTAN1 or SIVcpzANT were quite different in regions 800-1500 and 3800-5400 (data not shown), probably due to the great genetic divergence between the SIVcpzANT and SIVcpzTAN1 sequences. The differences were more pronounced in env (3800-5400) due to the high genetic divergence between the HIV-1/SIVcpz sequences in this region as depicted in figure 4B .
Evolutionary relationships as deduced from these analyses. Thus, phylogenetic analysis using ML with the best-fitting evolutionary model and Bayesian inference in 
Discussion
Previous analyses have described that the origin of HIV-1 group M is an interspecies transmission from P.t.troglodytes, since SIVcpz from P.t.roglodytes is most closely related to HIV-1 group M (Gao et al. 1999; Hahn et al. 2000; Sharp et al. 2000; Sharp et al. 2001 ). Furthermore, group N was found to be a mosaic consisting of SIVcpz and HIV-1/group M-related sequences (Gao et al. 1999) , whereas HIV-1 group O was found to be an outgroup to the HIV-1, SIVcpz sequences isolated from P.t.troglodytes (Corbet et al. 2000; Kuiken et al. 2001; Santiago et al. 2003) .
To investigate the complex relationships between the HIV-1 and SIVcpz sequences, we performed an in-depth analysis of the five distinct HIV-1/SIVcpz lineages, using bootscanning, a sliding window Bayesian approach, ML and BMCP analysis. We found evidence that in case of highly divergent sequences, such as Interestingly, it has recently been suggested that SIVcpz in chimpanzees originated from a recombination event between ancestral SIVs infecting red-capped mangabeys (SIVrcm) and greater spot-nosed monkeys (SIVgsn) (Bailes et al. 2003; Courgnaud et al., 2002) ; our findings indicate that additional recombination events or other factors continued to shape the evolutionary history of primate lentiviruses.
In conclusion, we find evidence for discordant phylogenetic relationships between HIV-1 and SIVcpz sequences throughout the genome, as shown schematically in figure 5 . This discordance in topologies might have been caused by ancient recombination events, altered rates of evolution, concerted evolution or a combination of these factors. Our analysis also suggests that SIV from P.t.troglodytes is the most probable origin for both HIV-1 group M and group O. 
